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Abstract
Resource managers commonly face the need to evaluate the ecological consequences of specific water diversions

of small streams. We addressed this need by conducting 4 years of biophysical monitoring of stream reaches above
and below a diversion and applying two individual-based models of salmonid fish that simulated different levels of
behavioral complexity. The diversion of interest captured about 24% of streamflow between June and October but
had little or no effect over the remainder of the year. The change in biomass of Rainbow Trout Oncorhynchus mykiss
and steelhead (anadromous Rainbow Trout) over the dry season (June–October) favored the upstream control over
the downstream diversion reach over 4 years (2008–2011). Dry-season growth did not differ consistently between the
two reaches but did exhibit substantial annual variation. Longer-term observations revealed that in both reaches most
fish growth occurred outside the period of dry-season diversion. After calibration to the upstream control reach, both
individual-based models predicted the observed difference in fish biomass between control and diversion reaches at
the ends of the dry seasons. Both models suggested the difference was attributable in part to differences in habitat
structure unrelated to streamflow that favored the upstream reach. The two models both also reproduced the large
seasonal differences in growth, small differences between reaches in individual growth, and natural distributions
of growth among individuals. Both the empirical data and simulation modeling suggested that the current level
of diversion does not threaten the persistence of the salmonid population. In multiyear simulations using the two
models, the model incorporating greater flexibility in fish behavior exhibited weaker population-level responses to
more extreme reductions in dry-season streamflow. We believe the application of individual-based models in this case
has placed resource managers in a relatively strong position to forecast the consequences of future environmental
alterations at the study site.

Resource managers commonly face the need to evaluate
the effects of site-specific, ongoing physical alterations of
ecosystems. This can be challenging for several reasons,
including (1) “after-the-fact” evaluation precludes use of
accepted experimental designs such as before–after, control–
impact designs, or intervention analysis (Stewart-Oaten and
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Bence 2001); (2) in many cases, the environmental alteration
of interest may be small but the spatio-temporal scales of
interest larger than those of relevant experiments; (3) physical
alterations commonly affect ecosystems through a variety of
processes; and (4) site-specific management questions often
incorporate the contemporary or future influences of pervasive

247



248 HARVEY ET AL.

issues such as climate change and invasive species, creating the
need to make predictions about interactions among factors and
novel future conditions.

The challenge outlined above is exemplified by the desire
to evaluate the ecological effects of historic diversions of small
streams: (1) many diversions have been in place for decades or
centuries; (2) some divert a small fraction of streamflow on a
seasonal basis, while most studies of the ecological effects of di-
versions involve more substantial reductions in streamflow (Poff
and Zimmerman 2010); (3) streamflow alterations can have mul-
tiple physical consequences—including effects on depth, water
velocity, stream temperature, and sediment deposition—which,
in turn, affect multiple ecological responses; and (4) the con-
sequences of streamflow diversions may be compounded by
climate changes that also affect streamflows and temperatures.
Physical factors such as streamflow and water temperature can
affect the probability of success for invasive fishes and other
alien species which can, in turn, affect physical regimes and
native taxa.

Evaluations of the effects of stream diversions commonly
focus on salmonid fishes within their geographical range be-
cause many salmonids are of special concern for conservation
or commercial reasons. Stenothermic, drift-feeding fishes such
as salmonids seem likely to be both directly and indirectly af-
fected by streamflow. For example, streamflow influences for-
aging efficiency (Nislow et al. 2004; Kemp et al. 2006) and
possibly predation risk through effects on depth (Harvey and
Stewart 1991) and water velocity. Any effects of streamflow on
the productivity of invertebrate prey and their availability are
likely to have significant consequences for salmonid popula-
tions. Relatively large reductions in streamflow generally have
been found to reduce the abundance of aquatic invertebrates
(Poff and Zimmerman 2010), with some inconsistency in re-
sults. A variety of studies have documented significant effects
of streamflow variation on salmonids (e.g., Nislow et al. 2004;
Harvey et al. 2006; Davidson et al. 2010; Teichert et al. 2010),
but the current state of knowledge leaves open the question of
the ecological significance of modest changes in streamflows
(Poff and Zimmerman 2010).

Where focus on a particular taxon is appropriate, spatially ex-
plicit, individual-based population models (IBMs) can be used
to evaluate site-specific alterations of ecosystems such as stream
diversions. Because these models represent particular sites, it
may be possible to make comparisons between sites of interest
and control sites that take into account “nuisance” differences
between them, thereby allowing the effects of specific physi-
cal alterations to be estimated. The underlying assumption of
IBMs is that population-level outcomes emerge from interac-
tions between individuals and their environment. This assump-
tion sets the stage for mechanistic model formulations focused
on key behaviors and processes which, in turn, enhance the
potential for the models to capture the effects of interactions
among factors and predict outcomes under novel conditions.
One obvious challenge in the formulation of these models is de-

termining an appropriate level of model complexity, specifically
which behaviors and processes should be included to maximize
the model’s ability to address management questions and pro-
duce predictions that can be tested against observations. Grimm
et al. (2005) suggested that the payoff of IBMs will commonly
be maximized at intermediate levels of complexity, but to our
knowledge this issue has not been extensively addressed.

In this study, we made empirical observations of fish den-
sity and growth over 4 years to directly address the effects of a
small-scale, historic diversion of a small stream in northwestern
California. We then used these data to explore the ability of two
spatially explicit, individual-based salmonid population models
of different complexity to predict fish density and growth be-
low the diversion. Finally, we used the models to estimate the
population-level consequences of seasonal streamflow diversion
greater than we observed.

METHODS
Study site.—West Weaver Creek is a second-order tributary

of the Trinity River in the southern portion of the Klamath
Mountain Province in northwestern California. At the study
site (40◦44′45.55′′ N, 122◦58′13.35′′ W–NAD83, UTM), West
Weaver Creek drains approximately 14 km2 on the southern
edge of the Trinity Alps Wilderness. The maximum elevation
in the watershed exceeds 2,200 m, while the study site lies be-
tween 730 and 760 m. Climate in the region is marked by cool
wet seasons (commonly November to May) and hot dry seasons
(June to October). The study site is in an open, mixed-conifer
and hardwood forest, with an overstory of ponderosa pine Pi-
nus ponderosa, Douglas fir Pseudotsuga menziesii, and occa-
sional western hemlock Tsuga heterophylla and an understory
of bigleaf maple Acer macrophyllum with scattered white alder
Alnus rhombifolia and redosier dogwood Cornus sericea. The
study site was hydraulically mined in the late 1800s and early
1900s; mining-caused scarps and mounds of cobbles and boul-
ders remain apparent. Mean daily water temperatures in West
Weaver Creek ranged from 0.2◦C to 14.5◦C (mean = 6.6◦C)
from October 16 to June 14, and from 6.8◦C to 17.5◦C (mean =
13.0◦C) from June 15 to October 15. Daily turbidities ranged
from 0 to 179 NTU (mean = 2.5 NTU) from October 16 to June
14, and from 0 to 14 NTU (mean = 1.4 NTU) from June 15 to
October 15.

We focused on two study reaches, approximately 300 m each,
upstream and downstream of a diversion that has provided water
for domestic and irrigation use for 150 years. Dry-season wetted
width averages about 4 m in both reaches. For the simulation
modeling, we focused on subsections of the two 300-m reaches:
a 110-m subsection below the diversion and a 106-m section up-
stream of the diversion. Gradient is 3.4% over the downstream
subsection and 3.7% over the upstream subsection. The subsec-
tions contained a similar number of pools, but two pools in the
upstream section were noteworthy for having both substantial
cover for fish and maximum depths exceeding 60 cm.
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The diversion does not currently involve any permanent
structures in the stream channel; it instead relies on temporary
boulder dams partially covered in plastic fabric. It is not a com-
plete barrier to upstream or downstream movement by fish. The
diversion takes an average of 24% of the dry-season streamflow.
The study reaches are accessible to anadromous fish. A popu-
lation of Oncorhynchus mykiss appears to include both resident
and anadromous individuals (hereafter Rainbow Trout and steel-
head, respectively). Other aquatic vertebrates were less abun-
dant than steelhead and Rainbow Trout in the study area; these
included Brown Trout Salmo trutta (one individual captured
during the entire study), lamprey Lampetra spp. ammocoetes,
larval coastal giant salamanders Dicamptodon tenebrosus, and
coastal tailed frogs Ascaphus truei.

Fish sampling.—To estimate fish biomass, density, and
growth in the two study reaches, we sampled fish twice each
year from 2008 to 2011, at approximately the beginning and
end of the dry season. Within-year periods between sampling
efforts ranged from 92 to 133 d. We timed sampling to approx-
imately correspond with the operation of the diversion but also
sought to avoid low sampling efficiency during high stream-
flows. Fish were captured by electrofishing. We inserted PIT
tags into the body cavities of individuals >70-mm FL on all
sampling occasions to quantify individual growth rates. Sam-
pling consisted of three-pass depletion sampling in subsections
of both reaches that we simulated in the models and single-pass
collections over the remainder of each reach. The main goal of
the single-pass efforts was to increase sample sizes for the esti-
mation of individual growth rates. We used the three-pass deple-
tion data to generate maximum likelihood population estimates
(Van Deventer and Platts 1989) for the subsections included
in the simulation models. Biomass estimates for the subsec-
tions incorporated the measured mass of all captured fish and
an estimate of the mass of uncaptured fish. While we collected
age-0 steelhead and Rainbow Trout in spring–early summer of
all 4 years, their small size (mean FL = 35 mm) at that time
precluded effective sampling.

Physical data.—To characterize the physical environment,
we measured water temperature, turbidity, and streamflow in
the two study reaches. In both reaches, we collected water tem-
perature data, at 60-min intervals, using Onset HOBO pendant
data loggers (Onset Computer, Bourne, Massachusetts) and wa-
ter level data, at 30-min intervals, using Onset HOBO Model
U20 data loggers beginning in October 2007. Water level data
were corrected for fluctuations in barometric pressure using a
data logger mounted on the bank in the upper reach. To estimate
streamflow in each reach, we employed a set of relationships
between water level readings and concurrent measurements of
discharge. To improve the accuracy of our reach-specific stream-
flow estimates, we developed separate relationships for low-
flow and high-flow periods. In all cases, R2 exceeded 0.98 for
the stage versus streamflow relationships. We also monitored
turbidity beginning in October 2007 with a Forest Technology
Systems DTS-12 turbidity sensor (Forest Technology Systems,

Victoria, British Columbia) installed in the upstream reach. The
turbidity sensor was placed in an aluminum housing anchored to
a large boulder in the channel. Flotation at the downstream end
of the housing and a hinge at the anchor point allowed the turbid-
ity probe to self-adjust in both the horizontal and vertical planes
in response to streamflow. A Campbell Scientific CR10X data
logger (Campbell Scientific, Logan, Utah) recorded turbidity at
60-min intervals. From July 2, 2008, to October 9, 2008, and
June 16, 2009, to October 20, 2009, we also operated the same
type of turbidity sensor in the downstream reach. Data records
for temperature, streamflow, and turbidity were summarized as
daily means for use in the IBMs.

Individual-based modeling.—We applied two IBMs devel-
oped for stream salmonids that have been described in detail
elsewhere (Railsback et al. 2005; Railsback et al. 2009). The
daily model has reproduced a variety of patterns exhibited by
individual trout (Railsback and Harvey 2002; Harvey and Rails-
back 2009) and trout populations (Railsback et al. 2002). The
more complex subdaily model (Railsback et al. 2005) includes
simulation of both day and night, and explicitly includes the
trout behavior variously described as hiding, refuge use, or con-
cealment (e.g., Hartman 1963). We briefly describe the models
here, emphasizing their properties directly related to the influ-
ence of streamflow on fish and the differences between them.
The resources (e.g., fieldwork, computer time) required to apply
these models are comparable to those required for an instream
flow study that includes collection of site-specific biological
data. While the two models we used differ in complexity, im-
plementation of the more complex model requires only that one
additional habitat characteristic be recorded during fieldwork.

The trout IBMs retain many spatial and temporal complex-
ities of real rivers. In both models, stream reaches are repre-
sented as sets of two-dimensional cells. These cells have unique
dimensions and values for parameters representing the availabil-
ity of cover that influences short-term avoidance of predators,
velocity shelter that influences the benefits of feeding on drifting
prey, and spawning gravel. The subdaily model also uses habitat
cell-specific information on the availability of cover that allows
complete concealment of fish. Site-specific hydraulic models are
used to estimate cell-specific depths and water velocities from
streamflow. At West Weaver Creek, the 110-m reach modeled
below the diversion included 139 cells arranged along 20 tran-
sects perpendicular to the streamflow, while the 106-m upstream
control reach included 127 cells along 18 transects. Reach-scale
variables in addition to streamflow include water temperature
and turbidity. In the simulations presented here, fish do not have
the option of moving among reaches and more generally cannot
emigrate from reaches they occupy. While these assumptions do
not strictly apply in the field, 94% of recaptured fish were caught
in the reaches where they were tagged. We therefore concluded
these assumptions do not prevent useful characterization of the
reaches’ capacities to support fish survival and growth.

Trout growth is the difference between energy intake and
metabolic costs. Trout may acquire food by drift feeding or
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search feeding. For drift feeding, intake varies nonlinearly with
water velocity: increasing velocity carries more food but makes
the food harder to capture. Metabolic costs increase with trout
size, swimming speed, and temperature. Consequently, for drift
feeding fish growth peaks at an optimal velocity that delivers
sufficient food while not requiring excessive energy for swim-
ming; this optimal velocity increases with trout size. The avail-
ability of drifting prey is represented as a concentration (mass of
food/volume of water). The assumption of a constant drift food
concentration means that availability varies with streamflow and
among habitat cells, increasing with cell cross-sectional area and
water velocity. The efficiency of search feeding is assumed to
be independent of streamflow, while the cost, like the cost for
drift feeding, depends on water velocity. The availability of food
acquired by search feeding is represented as mass of food per
area per time. In general, for both daily and subdaily models,
over broad ranges of food availability for the two types of feed-
ing, drift feeding is more profitable for adult trout than search
feeding. Competition can limit food intake: model trout follow
a size-based feeding hierarchy such that in a given cell, a trout
has access only to food not consumed by larger trout. In the sub-
daily model, trout that choose to hide rather than feed experience
slightly negative growth, as food intake and swimming costs are
both zero but resting metabolism produces an energy loss. Also
in the subdaily model, trout that choose to feed at night have
reduced intake because food is harder to detect and capture.

The models assume predation risks vary among cells because
of the effects of increasing depth and water velocity, which pre-
sumably make trout harder to detect and capture, and the value
of cover in reducing predation risk. The approach to quantifying
predation risk includes a parameter that characterizes the max-
imal predation risk for fish at the reach scale; this parameter is
commonly varied in model calibration. Maximal predation risk
is reduced for individuals to varying extents depending on their
size and features (depth, water velocity, cover) of the habitat
cells they occupy. The subdaily model includes the assumption
that risk is 70% lower at night when visibility is lower and some
potential predators less active. Also in the subdaily model, trout
that choose to hide rather than feed are assumed to be almost
immune to predators. In both models, trout are assumed to have
accurate knowledge of predation risks and how they vary with
habitat. The survival of individuals in each time step is deter-
mined by comparison of a random number between 0 and 1
with the survival probabilities for each of several sources of
mortality, including predation risk and starvation.

In both models, females must meet size and condition thresh-
olds to spawn. Spawning is restricted to appropriate dates and
physical conditions (streamflow and temperature). Whether a
female spawns on a particular day with appropriate conditions
is determined stochastically using a spawning probability. This
probability is set to yield a realistic temporal pattern of spawn-
ing. The timing of spawning is important because both models
simulate the mortality of eggs and embryos as a result of stream-
flow and temperature fluctuations.

At each time step, the models conduct the following actions:
(1) habitat is updated with the current cell depths and velocities,
temperature, and turbidity; (2) female fish able and allowed to
spawn select a spawning cell, create a redd, and incur spawning
weight loss; (3) in order from largest to smallest each trout se-
lects its current activity and habitat cell using methods described
below, and the trout’s consumption of food or hiding cover is
subtracted from that available to smaller trout in its cell; (4) all
trout grow, or lose weight, according to their resource consump-
tion and energy costs; and (5) survival probabilities for each fish
are determined from its current state and features of the habitat
cell it occupies, and survival is determined.

Behavior.—In the daily model, fish select habitat once per day
and are assumed to feed during daylight hours. In the subdaily
model, fish select habitat and make the decision to feed or hide
each day and night. (In all habitat selection decisions in both
models, trout evaluate both the drift and search feeding options.)
Trout consider four activity alternatives in the subdaily model:
feeding during day and night, feeding during day and hiding at
night, feeding at night and hiding during day, and hiding both
day and night. Each of these activity alternatives is considered
for each available habitat cell by evaluating a fitness measure for
that combination of cell and activity. Both models assume the
radius over which fish are familiar with habitat, and therefore the
number of habitat cells they evaluate in each time step, increases
with fish size. The fitness benefits of behavioral alternatives
are represented as the expected probability of surviving both
predation and starvation over a sliding time horizon—the next 90
d—multiplied by a term that estimates the size-specific benefit
of growth for fitness. Basing the fitness measure on survival
of both predation and starvation causes individuals to balance
growth and risk: they feed enough to keep starvation from being
a greater risk than predation. The growth term represents the
fitness benefits of reaching reproductive size and of continued
growth for adults (e.g., higher fecundity and ability to compete
for feeding and spawning habitat; growth is given decreasing
weight as a fish approaches the size of its largest competitor).
To evaluate the fitness measure for a behavior alternative, model
trout must predict the growth and survival probability they would
experience over the 90-d time horizon. They do so by simply
assuming that habitat and competitive conditions occurring at
the current time step—and thus the predation risk and growth
rate they would experience under the behavior alternative—will
persist unchanged over the time horizon. Therefore, survival of
predation over the time horizon is S90, where S is the probability
of surviving predation for the current day, under the behavior
being considered. Starvation survival and growth over the time
horizon depend on the individual’s current length, weight, and
net energy intake rate; starvation is more likely if the individual
is currently underweight or if its net energy intake is negative.

Analytical approach.—We used data from the upstream reach
to calibrate the models, then applied calibrated values for three
key parameters in simulations of the downstream reach. We first
attempted to separately calibrate both models to the 4 years of
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within-year, dry-season empirical results (total biomass [g/m],
numbers, mean growth) for the upstream control reach. Because
the two food availability parameters and the maximum preda-
tion risk parameter are difficult to measure empirically yet very
important to population dynamics, they were the variables used
in calibration. The calibration process contrasted scenarios with
values for these three parameters cross-classified because the
influence of the three parameters on survival and growth are not
independent. Because calibration to within-dry-season observa-
tions for the upstream reach produced a relatively broad range
of combinations of parameter values yielding similar results, we
added to the calibration process year-round simulations of the
upstream reach and focused on the mean size of fish of differ-
ent ages at the end of the dry seasons. We then simulated the
downstream reach with both models, assuming upstream cal-
ibration values for predation risk and food availability, under
both the measured streamflow regime downstream and the flow
regime upstream. The last scenario, downstream-reach habitat
with upstream-control streamflows, was designed to distinguish
the effects of streamflow from those of reach-specific habitat
structure. For all within-year simulations, populations were ini-
tialized to the abundance and size distributions in each reach
from our first fish sampling in each year.

While the study area is influenced to an unknown extent by
the reproductive contributions of anadromous individuals, the
second element of our approach was to complete year-round
simulations that assumed purely resident populations. To in-
clude several generations of fish in this exercise, we conducted
8-year simulations by repeating the available 4-year records
for physical data; simulations began with the initial popula-
tions sampled in the first year of the study. The goals of these
simulations were to (1) test the models’ ability to reproduce sea-
sonal patterns in individual growth, and (2) explore multiyear,
population-level consequences of seasonal flow diversions. For
both within-year and multiyear simulations, we summarized 50
replicate simulations of all scenarios. Replicates vary because
of stochasticity in the determination of the initial sizes of indi-
viduals, the survival of individuals at each time step, and, for the
multiyear simulations, the occurrence and timing of spawning.

RESULTS

Field Observations
The diversion on West Weaver Creek yielded modest but

consistent differences in streamflow between the two study
reaches during the dry season (Figure 1). Predictably, wet-
season streamflows were higher in the reach below the diversion
point when the diversion was either not functional or insignifi-
cant (Figure 2). During the dry-season study periods, differences
in water temperature between the upstream and downstream
reaches averaged 0.2◦C and never exceeded 1.1◦C. Similarly,
over two dry seasons, the two reaches exhibited negligible dif-

FIGURE 1. Streamflow records (as inferred from stage–discharge relation-
ships) for two study reaches above and below a water diversion on West Weaver
Creek in northwestern California, during four successive dry seasons. Curves
span the periods between spring–early summer and fall fish sampling efforts in
each year.

ferences in turbidity (mean difference = 0.1 NTU [within the
precision of the instruments]; maximum difference = 1.7 NTU).

Number and biomass of steelhead and Rainbow Trout were
similar in the upstream control and downstream reduced-flow
study reaches in the first samplings of the year, although the
downstream reach held more fish per meter in June 2009 and
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FIGURE 2. Continuous streamflow records for two study reaches above and below a water diversion on West Weaver Creek in northwestern California. Rectangles
contain dry-season periods between spring–early summer and fall fish sampling events illustrated in Figure 1.

the upstream control more fish than the downstream reach in
June 2010. At the end of the dry season, the upstream control
supported a higher number and biomass of fish age 1 and older
in all 4 years, while the two reaches supported similar densities
of age-0 fish (Figure 3). The change in biomass over the dry
season that most favored the upstream reach, 2009, was unex-
plained by any of our field observations. Mean growth rates dur-
ing the dry season varied strongly among years, but less so and
inconsistently between reaches (Figure 4). In all 4 years, indi-
viduals within reaches exhibited substantial variation in growth
(Figure 5, top row). For both reaches, growth of tagged fish
captured in the spring–early summer revealed that growth rates
from fall to spring far exceeded growth rates during the dry
season (Figure 6, top panel).

Model Results
Calibrations of the daily and subdaily models to empirical ob-

servations for the upstream reach appeared similarly successful
(Figure 7). The calibration process produced comparable values
for predation risk for the two models: a higher minimum prob-
ability of survival of predation risk in the subdaily model offset
the fact that fish must face predation mortality risk twice each
day in that model. However, calibration yielded a greater rela-
tive availability of search food versus drift food in the subdaily
model. While the calibration value for search food availability
was the same for the two models, fish in the subdaily model have
the option of feeding during both day and night, while fish in
the daily model are restricted to feeding during daylight hours.
The drift food concentration value for the daily model was ap-
proximately twice that of the subdaily model. This difference
is reasonable given the differences in feeding opportunities for
fish in the two models. As a calibration parameter, drift concen-
tration is designed to capture the effects of a variety of processes
not in the models.

Using upstream calibration values for food availability and
predation risk, both models applied to the downstream diversion
reach yielded patterns that generally corresponded with fish
biomass at the end of the dry season for the downstream reach
(Figure 7) and observed differences in fish biomass between the

FIGURE 3. Biomass of steelhead and Rainbow Trout at the beginning and end
of the dry season over 4 years in two reaches of West Weaver Creek, California,
upstream and downstream of a water diversion. Error bars indicate SE derived
from depletion estimates.
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FIGURE 4. Steelhead and Rainbow Trout growth during four dry seasons in
two reaches of West Weaver Creek, California, upstream and downstream of a
water diversion. Numbers above bars indicate sample sizes; error bars indicate
SE.

control and diversion reaches (Figure 8). However, both models
underestimated the difference between reaches in 2009, and
the direction of their variation from observed values differed
for the last 2 years. Simulation of the downstream reach using
the undiverted flow regime of the upstream reach suggested

a substantial effect of differences between reaches in physical
habitat (i.e., nonflow-related characteristics) on the differences
in fish biomass at the end of the dry season for 3 of the 4 years
(2008, 2010, and 2011). That is, the model simulations predicted
differences in end-of-dry-season biomass between reaches even
when their flow regimes were identical (Figure 8). For both
models, the estimated effects of reduced streamflow per se on
fish biomass (the difference in the effects of flow + habitat
versus habitat alone) were consistent across all 4 years; the
estimated effect of reduced streamflow per se was greater for
the daily model (about 1 g/m) than for the subdaily model (about
0.5 g/m).

Both models also produced realistic patterns in fish growth
that were not outcomes of the calibration process, which did
not involve the distributions of growth among individuals, used
information only from the end of the dry season, and included
only the upstream reach. Distributions of within-year individ-
ual growth rates in the models had levels of variability similar
to those observed in the field (Figure 5). Both models also
reproduced the empirical result that the majority of growth oc-
curred outside of the dry season (Figure 6). Finally, with the

FIGURE 5. Observed and modeled patterns of individual dry-season growth over 4 years for steelhead and Rainbow Trout in the upstream control reach of West
Weaver Creek, California. Model results summarize 50 replicate simulations.
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FIGURE 6. Observed and modeled patterns of dry season versus wet season
growth for steelhead and Rainbow Trout in two reaches of West Weaver Creek,
California. Error bars indicate SEs based on annual means (n = 4 for the dry
season, n = 3 for the wet season.). For model results, annual means were
themselves the means of 50 replicate simulations.

FIGURE 7. The relationship between observed and model results for two
individual-based models (daily, subdaily) of steelhead and Rainbow Trout in
two reaches of West Weaver Creek, California. The two models were calibrated
using 4 years (2008–2011) of data from the upstream control, then applied to a
reach downstream of a diversion.

exception of 2009 when dry-season growth was relatively low
in the upstream control reach, both models yielded small ob-
served differences in growth rates between reaches (Figure 9).

Eight-year simulations of the upstream reach across a range
of dry-season flow regimes produced somewhat different re-
sults for the two models. Both models predicted that further
reductions of dry-season streamflows below those we measured
(with measured wet-season streamflows unaltered) would fur-
ther reduce salmonid biomass. However, in comparison to the
subdaily model, the daily model predicted a stronger effect of
reduced streamflows on fish biomass and population persistence
(Figure 10). This difference is partially explained by the higher
relative availability of food obtained by search feeding in the
subdaily model, and the insensitivity of search food to variation
in streamflow. Indeed, relatively large trout did very little search
feeding in the daily model even at very low streamflows, while
in the subdaily model about 20% of such fish used search feed-
ing during the day and 50% at night, although those percentages
did not increase with decreasing streamflows. Search feeding
by smaller fish increased with decreasing streamflows in the
daily model, while it remained relatively high and insensitive
to streamflow for those fish in the subdaily model. In the sub-
daily model, both day and night hiding behavior declined with
streamflow, as drift food availability declined.

DISCUSSION
Our field observations above and below a stream diversion

that reduces dry-season streamflow by about 24% detected per-
sistently higher abundance and biomass of steelhead and Rain-
bow Trout at the end of four dry seasons in an upstream control
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FIGURE 8. Observed and modeled biomass of steelhead and Rainbow Trout
in two reaches of West Weaver Creek, expressed as the difference between
an upstream control reach and a downstream diversion affected during the
fall sampling. Error bars for the observed data reflect SE from the depletion
sampling. For the model results, bars indicate the differences between the means
of 50 replicate simulations of the upstream (control) and downstream (diversion)
reaches. Error bars for the model results reflect the sum of the SE for 50 replicate
simulations of the control reach and the SE for an equal number of replicate
simulations of the diversion reach.

reach than in a reach below the diversion. Observed differences
between the reaches in dry-season growth were modest and in-
consistent. Importantly, these unreplicated observations do not
control for differences between reaches in habitat availability;
our spatially explicit simulations suggested the upstream con-
trol reach contained somewhat superior habitat. It is difficult to
place these results in the context of current scientific knowledge
because few studies have addressed the effects on stream fish of
relatively minor changes in streamflow. While the consequences
of larger changes in streamflow for fish abundance have been of-
ten negative (Poff and Zimmerman 2010), several observations
suggest the importance of site-specific factors in determining
outcomes (Bradford and Heinonen 2008). Observations of sig-
nificant effects on fish growth in experimental (e.g., Harvey
et al. 2006) and extensive observational studies (e.g., Ebersole
et al. 2009; Davidson et al. 2010) covered larger differences in
streamflow than we addressed here.

FIGURE 9. Observed and modeled dry-season growth rates for steelhead and
Rainbow Trout in two reaches of West Weaver Creek, expressed as the difference
between an upstream control reach and a downstream diversion-affected reach.
Error bars for the observed data indicate SE. Error bars for the model results
represent the sum of the SE of mean growth for 50 replicate simulations of the
control reach and the SE for an equal number of replicates for the diversion
reach.

While between-reach differences in fish growth and abun-
dance were small (Figures 3, 4), annual variation was more
dramatic, particularly for growth. This variation was to some
extent explained by variation in dry season streamflow and fish
density (as indicated by our model results), but particularly
high growth rates in the dry season of 2008 were not. Annual
variation in food availability provides one possible explanation.
While we assumed constant food availability over time, the
abundances of many aquatic and terrestrial invertebrates likely
exhibit substantial annual variation (e.g., Levings 1983). In

FIGURE 10. Results of 8-year simulations of a population of steelhead and
Rainbow Trout in the upstream control reach of West Weaver Creek, over
a range of dry-season streamflow regimes. Points show mean results for 50
replicate simulations. Numbers above points indicate the percent of replicate
simulations in which the population did not persist over the simulation, in all
cases where the population did not persist in all 50 replicates.
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addition to annual variation in invertebrate abundance, varia-
tion in the inputs of terrestrial prey to streams may occur, driven
by patterns of streamflow and its consequences for abundances
of terrestrial vegetation and invertebrates along streams. Spring
streamflows preceding the dry season marked by exceptional
fish growth (2008) were milder than in the other 3 years; per-
haps this pattern of streamflow allowed greater colonization of
stream margins by terrestrial invertebrates.

The two IBMs we applied to the study reaches produced re-
sults with similar levels of correspondence with empirical obser-
vations. However, the modest differences in physical conditions
and biological outcomes between reaches limited our ability to
distinguish the performances of the two models in this case. Re-
sults of the calibration process were apparently important to the
lower sensitivity to streamflow exhibited by the more complex,
subdaily model in that calibration yielded greater availability of
search food in the subdaily model and search food is relatively
insensitive to streamflow in the models. However, it is important
to recognize that results of the calibration process are a product
of model formulation. The greater behavior flexibility of fish
(e.g., having the options of feeding at night and hiding during
the day) in the subdaily model makes search feeding a more at-
tractive option, which could lead to higher calibration values for
the search food parameter. In addition, search feeding cannot be
calibrated precisely in the daily model because search feeding is
relatively rare in that model. The choice between the two mod-
els in this case should perhaps be driven less by their relative
complexity per se but rather by which model better captures the
key ecological processes affecting the population’s response to
streamflow. The latter remains unresolved.

Both the models we applied seem complex from the per-
spective of traditional ecological modeling. What alternatives
are available for the scale of resolution and complexity of the
management questions addressed here? Effective general ap-
proaches to conceptually linking flow regimes and their ecolog-
ical consequence designed for larger scales of resolution (Poff
et al. 2010) cannot readily address the fine-scale difference in
flow regimes that we studied. To our knowledge, models other
than mechanistic IBMs do not make the kinds of predictions we
tested: the responses of measurable population characteristics
such as abundance and biomass to changes in physical habi-
tat. Also, simpler ecological models seem unlikely to be able
to make use of the site-specific data available in this study (in
which small differences in habitat structure between adjacent
reaches were important to data interpretation) or to address the
outcomes of interactions among factors of interest in this exam-
ple (water diversion, climate-driven changes in streamflow and
temperature, invasive species).

This study suggested several specific benefits to the applica-
tion of IBMs to site-specific management questions concerning
fish populations. First, the general step of modeling population
dynamics leads to greater emphasis on longer time spans than
the original dry-season focus of the empirical observations. Sec-
ond, the models incorporate real-world temporal variation in key

physical factors (such as streamflow and temperature), thereby
allowing evaluation of specific physical regimes with relevance
to resource management. Third, mechanistic models that rea-
sonably represent real-world conditions and processes offer the
opportunity to explore the consequences of multiple environ-
mental changes: we can now address the combined effects of
streamflow alterations and additional environmental alterations
on fish populations. Fourth, mechanistic inclusion of food avail-
ability in the models requires consideration of multiple trophic
levels in evaluating the effects of environmental alterations. Fi-
nally, comparison of two models highlighted key processes we
otherwise might not have considered. In this case, the compar-
ison exposed the need for better understanding of the extent to
which steelhead and Rainbow Trout rely on drift feeding versus
search feeding in small streams.

The last two points highlight an additional key uncertainty
important to our simulations: the effect of streamflow alter-
ation on the production of aquatic invertebrates. We assumed a
constant concentration of drift food, meaning that the percent
change in total invertebrate drift was equal to the percent change
in streamflow. Streamflow affected search food availability in
the models only to the extent lower streamflow reduced wet-
ted area. The combination of these two assumptions means that
streamflow reduction had modest negative effects on food avail-
ability in our simulations. Once again, relevant studies generally
address larger changes in streamflow than we observed and do
not address food availability at the detailed level of drifting ver-
sus nondrifting prey. The review by Poff and Zimmerman (2010)
documented declines in the abundance of aquatic invertebrates
with streamflow reductions > 50%, although percent declines in
invertebrate biomass were less than the declines in streamflow.
Walters and Post (2011) quantified a significant negative lin-
ear relationship between total log-transformed insect biomass
and summer streamflow expressed as a measure of exceedance
in an experimental study in which summer streamflow was di-
verted from 100-m reaches for 2 months. However, Dewson
et al. (2007) observed increases in insect densities in 100-m
stream sections subject to diversion for 1 month. While our as-
sumptions about streamflow effects on the availability of drift
and nondrifting prey for fish lack detailed empirical support, in
this case they yielded model results that corresponded well with
the observed effects of lower streamflows on fish.

CONCLUSION
Empirical observations of growth and abundance, combined

with simulation modeling that took habitat availability into ac-
count, suggested a modest effect of a small dry-season diversion
on the abundance of salmonids in a small stream. The effect of
the current timing and extent of diversion on the probability of
population persistence appears minimal. The current situation
combines streamflow diversion with dramatic changes in chan-
nel morphology due to historic hydraulic mining but does not
include factors that may become important in the future, such as
additional changes in streamflow, temperature regimes, or the
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influences of invasive species. The mechanistic model approach
presented allows the combined effects of such factors to be esti-
mated. While such estimates of outcomes under possibly novel
conditions would necessarily be uncertain, alternatives for ad-
dressing situations where interactions among factors are likely
are not apparent to us, with the exception of subjective “expert
judgment.”

Concerning our attempt to identify an optimal level of
individual-based model complexity for the issue at hand, nei-
ther of the two models we used was clearly superior in matching
short-term empirical observations. However, in our simulations
virtual fish populations composed of individuals with the ability
to feed both day and night and to engage in concealment behav-
ior were more resistant to streamflow reductions than popula-
tions exhibiting lesser behavioral complexity.

ACKNOWLEDGMENTS
Loren Everest identified the field site. Justin Garwood, Monty

Larson, Megan Arnold, Michael Hellmair, Tyler McCraney, and
Mary Meyerpeter provided field assistance. Reference to trade
names does not imply endorsement by the U.S. Government.

REFERENCES
Bradford, M. J., and J. S. Heinonen. 2008. Low flows, instream flow needs and

fish ecology in small streams. Canadian Water Resources Journal 33:165–
180.

Davidson, R. S., B. H. Letcher, and K. H. Nislow. 2010. Drivers of growth
variation in juvenile Atlantic Salmon (Salmo salar): an elasticity analysis
approach. Journal of Animal Ecology 79:1113–1121.

Dewson, Z. S., A. B. W. James, and R. G. Death. 2007. Invertebrate responses
to short-term water abstraction in small New Zealand streams. Freshwater
Biology 52:357–369.

Ebersole, J. L., M. E. Colvin, P. J. Wigington, S. G. Leibowitz, J. P. Baker, M.
R. Church, J. E. Compton, and M. A. Cairns. 2009. Hierarchical modeling of
late-summer weight and summer abundance of juvenile Coho Salmon across
a stream network. Transactions of the American Fisheries Society 138:1138–
1156.

Grimm, V., E. Revilla, U. Berger, F. Jeltsch, W. M. Mooij, S. F. Railsback, H. H.
Thulke, J. Weiner, T. Wiegand, and D. L. DeAngelis. 2005. Pattern-oriented
modeling of agent-based complex systems: lessons from ecology. Science
310:987–991.

Hartman, G. F. 1963. Observations on behavior of juvenile Brown Trout in a
stream aquarium during winter and spring. Journal of the Fisheries Research
Board of Canada 20:769–787.

Harvey, B. C., R. J. Nakamoto, and J. L. White. 2006. Reduced streamflow
lowers dry-season growth of Rainbow Trout in a small stream. Transactions
of the American Fisheries Society 135:998–1005.

Harvey, B. C., and S. F. Railsback. 2009. Exploring the persistence of stream-
dwelling trout populations under alternative real-world turbidity regimes with
an individual–based model. Transactions of the American Fisheries Society
138:348–360.

Harvey, B. C., and A. J. Stewart. 1991. Fish size and habitat depth relationships
in headwater streams. Oecologia 87:336–342.

Kemp, P. S., D. J. Gilvear, and J. D. Armstrong. 2006. Variation in performance
reveals discharge-related energy costs for foraging Atlantic Salmon (Salmo
salar) parr. Ecology of Freshwater Fish 15:565–571.

Levings, S. C. 1983. Seasonal, annual, and among-site variation in the ground
ant community of a deciduous tropical forest: some causes of patchy species
distributions. Ecological Monographs 53:435–455.

Nislow, K. H., A. J. Sepulveda, and C. L. Folt. 2004. Mechanistic linkage of
hydrologic regime to summer growth of age-0 Atlantic Salmon. Transactions
of the American Fisheries Society 133:79–88.

Poff, N. L., B. D. Richter, A. H. Arthington, S. E. Bunn, R. J. Naiman, E.
Kendy, M. Acreman, C. Apse, B. P. Bledsoe, M. C. Freeman, J. Henriksen,
R. B. Jacobson, J. G. Kennen, D. M. Merritt, J. H. O’Keeffe, J. D. Olden,
K. Rogers, R. E. Tharme, and A. Warner. 2010. The ecological limits of
hydrologic alteration (ELOHA): a new framework for developing regional
environmental flow standards. Freshwater Biology 55:147–170.

Poff, N. L., and J. K. H. Zimmerman. 2010. Ecological responses to altered
flow regimes: a literature review to inform the science and management of
environmental flows. Freshwater Biology 55:194–205.

Railsback, S. F., and B. C. Harvey. 2002. Comparison of salmonid habitat
selection objectives in an individual-based model. Ecology 83:1817–1830.

Railsback, S. F., B. C. Harvey, J. Hayes, and K. LaGory. 2005. Tests of a theory
for diel activity and habitat selection. Ecology 86:947–950.

Railsback, S. F., B. C. Harvey, S. K. Jackson, and R. H. Lamberson. 2009.
InSTREAM: the individual-based stream trout research and environmental
assessment model. U.S. Forest Service, General Technical Report PSW-GTR-
218, Albany, California.

Railsback, S. F., B. C. Harvey, R. H. Lamberson, D. E. Lee, N. J. Claasen, and
S. Yoshihara. 2002. Population-level analysis and validation of an individual-
based Cutthroat Trout model. Natural Resource Modeling 15:83–110.

Stewart-Oaten, A., and J. R. Bence. 2001. Temporal and spatial variation in
environmental impact assessment. Ecological Monographs 71:305–339.

Teichert, M. A. K., E. Kvingedal, T. Forseth, O. Ugedal, and A. G. Finstad.
2010. Effects of discharge and local density on the growth of juvenile Atlantic
Salmon Salmo salar. Journal of Fish Biology 76:1751–1769.

Van Deventer, J. S., and W. S. Platts. 1989. Microcomputer software system
for generating population statistics from electrofishing data: user guide for
MicroFish 3.0. U.S. Forest Service, General Technical Report INT-GTR-254,
Boise, Idaho.

Walters, A. W., and D. M. Post. 2011. How low can you go? Impacts of a low-
flow disturbance on aquatic insect communities. Ecological Applications
21:163–174.


